Diffusion-weighted imaging measures the restriction of water movement associated with cytotoxic edema and has become the most sensitive imaging technique for detection of early cerebral ischemia.^[@R1]^ Regions of restricted diffusion on diffusion-weighted imaging are associated with a decrease in Na-K-ATPase activity and energy failure, and in most cases represent irreversible infarction.^[@R2]^ Although several studies have demonstrated that apparent diffusion coefficient (ADC) values of \<600×10^−6^ mm^2^/s typically represent irreversible infarction^[@R3]^; the ischemic changes remain rather ill-defined and the associated pathophysiology is not well understood.

MR perfusion, in particular dynamic contrast susceptibility (DSC) perfusion, has been useful in evaluation of cerebral hemodynamic changes after acute ischemic stroke (AIS)^[@R4],[@R5]^ and defining the operational ischemic penumbra as regions characterized by normal diffusion but abnormal perfusion.^[@R6],[@R7]^ This concept of perfusion--diffusion mismatch, however, remains controversial^[@R8],[@R9]^ with lack of consensus on what perfusion parameters should be used to define the penumbra and to distinguish the penumbra from regions of benign oligemia (tissue with decreased perfusion but not at risk of infarction). Using parametric time maps, such as time-to-peak of the residue function (Tmax), a wide range of Tmax values (2--8 s) has been proposed to define the threshold for identifying the potential ischemic penumbra.^[@R10]--[@R12]^

Fractional anisotropy (FA) obtained from diffusion tensor imaging (DTI) may provide an additional means of defining and understanding the microstructural changes in ischemic brain acutely, particularly in white matter (WM).^[@R13]^ The FA measures the degree of directionality of diffusion and, therefore, WM tract integrity. In normal tissue, the WM FA is high, whereas it becomes reduced with loss of integrity or disorganization of tracts. However, FA changes are heterogeneous and variable between the infarction core and ischemic regions depending on the severity of ischemia and time of onset.^[@R14],[@R15]^ Thus, additional study is required to delineate the use of these techniques in AIS.

The purpose of this study, therefore, was to perform a voxel-based quantitative analysis of combined use of DTI-FA and DSC-Tmax in WM infarction and hypoperfusion in patients with AIS to test the following hypotheses: (1) FA values are spatially different between the infarction core versus hypoperfusion versus normal WM; and (2) FA can identify microstructural changes associated with hypoperfused ischemic, but not yet infarcted, WM. To demonstrate this, we aimed to find a Tmax threshold at which the highest differences in FA could be identified.

Methods
=======

Patients
--------

This prospective study was conducted between December 2012 and July 2013. Patients with suspected AIS were enrolled. Inclusion criteria were (1) interval between the onset of neurological deficits to MRI of \<6 hours; (2) image acquisition at 3.0T magnetic field with both DSC and DTI studies obtained; and (3) presence of infarction and perfusion--diffusion mismatch as identified by MRI. Patient demographic data, median time from last known well to first MRI, and baseline National Institutes of Health Stroke Scale scores were documented.

Imaging Protocol
----------------

All patients underwent MRI on a 3.0T Siemens Skyra MRI system (Siemens, Erlangen, Germany). The imaging protocol included DTI, fluid attenuation inversion recovery imaging, gradient recalled echo, MR angiography, and DSC perfusion imaging.

DTI was acquired using single-shot spin-echo echo-planar imaging (repetition time/echo time, 5500/82 ms; field of view, 22×22 cm; matrix, 128 mm; slices, 40×3 mm; voxel size, 1.5×1.5×3 mm). Diffusion gradients were applied along 20 noncollinear directions with a *b* value of 1000 s/mm^2^ resulting in a 5-minute acquisition time. A generalized partial parallel acquisition^[@R16]^ technique with acceleration factor of 3 was used.

DSC perfusion was performed using a single-shot gradient-echo echo-planar imaging sequence with the following parameters: repetition time/echo time, 1450/22 ms, FA=90°; field of view, 22×22 cm; matrix, 128×128 mm, 30×4 mm slices; generalized partial parallel acquisition, 3). A total of 60 repetitions were acquired after intravenous injection of 0.1 mmol/kg of gadolinium contrast agent at a rate of 5 mL/s.

Data Analysis
-------------

DSC and DTI studies were processed using commercially available Food and Drug Administration--approved software (Olea Sphere; Olea Medical SAS, La Ciotat, France). DSC analysis was performed using a block-circulant singular value decomposition technique.^[@R17]^ The Tmax maps were then automatically generated and exported from the software for subsequent analysis. DTI analysis was also performed by the Olea DTI package, where FA and ADC maps were calculated using standard methods.^[@R18]^

FA, ADC, and Tmax maps for each patient were coregistered with the Olea software using a 12 degree of freedom transformation and a mutual information cost function. This was followed by visual inspection to ensure adequate alignment. Coregistered images were exported into Matlab program for voxel-based quantitative analysis. An example of image analysis segmentation of WM infarction versus hypoperfusion is shown in Figure [1](#F1){ref-type="fig"}. A mask of the gray matter (FA threshold \>0.15) was generated for each patient to ensure extraction of voxel values was limited only to WM. A map of the infarction core was also generated by a threshold method defined as an ADC value \<600×10^−6^ mm^2^/s.^[@R3]^ For WM infarction, the quantitative values were calculated after applying the gray matter mask (FA\>0.15) and within the regions with ADC\<600×10^−6^ mm^2^/s. For the WM hypoperfusion, the quantitative values were calculated after applying the gray matter mask (FA\>0.15) and within the regions with ADC\>600×10^−6^ mm^2^/s. Regions of interest were placed over the area of perfusion abnormality using the coregistered Tmax maps and also in contralateral normal WM in the centrum semiovale. Perfusion deficit was defined as an area with visually perceptible increased Tmax when compared to the surrounding brain tissue and to the homologous contralateral hemisphere. For each regions of interest, the FA, ADC, and Tmax values in the regions of infarction, hypoperfusion, and normal WM were calculated and exported into an excel spreadsheet for statistical analysis.

![A 71-year-old woman with sudden onset left-sided weakness, baseline National Institutes of Health Stroke Scale, 17. Concurrent MRA showed left M1 occlusion (not shown). Sequential aligned diffusion tensor imaging-fractional anisotropy (FA), apparent diffusion coefficient (ADC), and dynamic contrast susceptibility (DSC)-Tmax are shown. There is acute infarction in the right corona radiata and subinsular region with a large hypoperfusion deficit along the right middle cerebral artery territory on DSC-Tmax images. Aligned and coregistered maps were transferred to a Matlab program. Using DSC-Tmax, a regions of interest (ROI) was drawn over the hypoperfused region (**A**). After subtraction of a gray matter mask, an ROI subsuming the white matter voxels was generated (**B**). The FA and Tmax values were then calculated in the region of hypoperfusion (**C**) and infarction (**D**) after inclusion of an ADC map with threshold of greater and \<600×10^−6^ mm^2^/s, respectively.](str-46-413-g001){#F1}

Statistical Analysis
--------------------

Mean values of ADC, FA and Tmax were first computed across voxels for each person and region. Then these person--region means were used in a mixed (repeated measure) ANOVA model. Examination of residual errors under this model confirmed that the residual errors had a normal distribution, justifying the use of a parametric model. Multiple comparison Tukey-adjusted *P* values were reported. The significance level was defined as *P*\<0.05. Spearman correlations (*r*~s~) were computed, and scatter plots were examined to assess the association between ADC, FA, and Tmax in normal, hypoperfused, and infarcted WM. A regression tree analysis was used to find the value of Tmax that best splits FA into high and low values.

Results
=======

Twenty-one patients (14M, 7F) with a mean age of 62.4 (range 47--83) years met our inclusion criteria. The baseline National Institutes of Health Stroke Scale scores ranged from 4 to 17 with a median of 7. The median time from last well known to first MRI was 4.7 hours (range 1--6 hours). The median volume of infarction based on the threshold ADC\<600×10^−6^ mm^2^/s was 19.2 mL (range, 11--58 mL).

The mean±SD of the ADC, FA, and Tmax values for the normal, hypoperfused, and infarcted WM are shown in Table [1](#T1){ref-type="table"}. Repeated measure ANOVA model revealed statistically significant differences between mean values of ADC, FA, and Tmax across all regions except for the ADC difference between normal versus hypoperfused WM (*P*=0.65; Table [2](#T2){ref-type="table"}).

###### 

Mean±SD of ADC, FA, and Tmax in Normal, Hypoperfused, and Infarcted WM

![](str-46-413-g002)

###### 

Mean Differences for Paired-Wise Comparison Between ADC, FA, and Tmax Across Different WM Regions

![](str-46-413-g003)

Scatter plots for association between ADC, FA, and Tmax in normal, hypoperfused, and infarcted WM are shown in Figure [2](#F2){ref-type="fig"}. Spearman correlations (*r*~s~) for association between ADC-FA, ADC-Tmax, and FA-Tmax were −0.590, −0.021, and 0.418 in normal WM; −0.230, 0.319, and 0.561 in hypoperfused WM, and 0.209, −0.681, and −0.539 in infarcted WM, respectively.

![Scatter plots for fractional anisotropy (FA), Tmax, and apparent diffusion coefficient (ADC) mean values by region. The correlation pattern is different depending on the region. In the normal white matter (WM), FA, and ADC have a moderate negative correlation (*r*~s~=−0.590; *P*=0.005). In the hypoperfused WM, Tmax and FA have moderate positive correlation (*r*~s~=0.561; *P*=0.008). In the infarcted WM, there are moderate negative correlations between Tmax and FA (*r*~s~=−0.539; *P*=0.012) and Tmax and ADC (*r*~s~=−0.681; *P*\<0.001).](str-46-413-g004){#F2}

In a subanalysis of hypoperfused WM using regression tree analysis, the largest mean difference in FA values was identified at Tmax above and below 5.4 s (*P*=0.0096), the Tmax threshold that best split FA such that the residual variance was minimized. Figure [3](#F3){ref-type="fig"} shows the mean FA value comparisons in hypoperfused and infarcted WM for Tmax\<5.4 s versus Tmax≥5.4 s.

![Mean fractional anisotropy (FA) value comparisons in hypoperfused and infarcted white matter (WM) for Tmax\<5.4 vs Tmax≥5.4 s. The mean±SD for FA values in hypoperfused WM is 0.390±0.014 for Tmax\<5.4 s when compared with 0.423±0.014 in Tmax≥5.4 (*P*=0.0096). In the infarcted WM, the mean±SD for FA values are 0.328±0.023 for Tmax\<5.4 s compared with 0.295±0.042 in Tmax≥5.4 (*P*=0.023).](str-46-413-g005){#F3}

Discussion
==========

Advanced imaging techniques, such as DSC perfusion and DTI, can be used to interrogate the spatial heterogeneity of infarction and ischemia in the setting of hyperacute ischemic stroke further. In this study, using a combination of DTI and DSC perfusion, we conducted a voxel-based analysis of DTI-measured FA and DSC-measured Tmax changes in the regions of WM infarction and hypoperfusion using defined thresholds. In addition, we compared FA and Tmax to identify a time-based threshold for the detection of microstructural changes. We note 2 primary findings.

The first is that FA values in the hypoperfused and infarcted WM are significantly different from normal WM, but in opposite directions. Reduced FA values in infarcted WM likely signify the loss of cellular integrity with irreversible cellular injury.^[@R13]^ On the contrary, we showed that FA values are significantly elevated in the hypoperfused (but not infarcted) WM in comparison with normal WM. This is in agreement with previous studies of animal models of brain ischemia.^[@R14]^ The elevation in FA occurs in the context of a reduction in the anisotropic tensor and therefore is a consequence of ratio-metric measurement.^[@R19]^ The acute increase in FA has been linked to cytotoxic edema without a significant change in structural coherence.^[@R20]^ Subsequent to cytotoxic edema, there could be an increase in tortuosity of the extracellular space and shift of water from the extracellular space to the more restricted intracellular space. Both of these models result in increased directionality of diffusion along the axon and hence increased apparent anisotropy.^[@R20],[@R21]^

Our second finding is that the FA values are significantly higher in the hypoperfused WM with Tmax≥5.4 s in comparison with regions with Tmax\<5.4 s with a mean difference of 0.033. Parametric MR perfusion maps, such as Tmax, have commonly been used to identify the penumbral tissues in some clinical trials.^[@R22]--[@R24]^ One major drawback of using time-domain perfusion parameters, such as Tmax, is the fact that a perfusion deficit may represent any part of hemodynamic milieu from delayed perfusion to benign oligemia to hypoperfusion and likely a combination of all of the above. Thus, not all regions with Tmax delay are necessarily destined for infarction. Tmax solely provides an estimate of the delay in bolus arrival time between the arterial input function and a given voxel, without describing the hemodynamic status of the tissue or degree of ischemia itself.^[@R25]^ Many investigators have attempted to identify a predefined threshold for Tmax that represents true ischemic penumbra, and as the result, Tmax values with threshold ranging from 2 to 8 s have been used in the literature.^[@R10]--[@R12]^ Most of these investigations were focused on the correlation with final infarction core size at day 7 or 30 after the ischemic event.

There has been relatively little attention on the role of combined DTI and MR perfusion to characterize ischemic tissue. In this study, we prospectively performed a voxel-based analysis of the FA values in regions of hypoperfusion to identify a Tmax threshold at which ischemic changes can be identified. We found statistically significant higher FA values in the hypoperfused WM with Tmax≥5.4 s, suggesting that perhaps microstructural ischemic changes are largest above this threshold. Significant increase in FA values in the hypoperfused WM with Tmax ≥ 5.4 s supports the result of Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution (DEFUSE) trial,^[@R12]^ suggesting that Tmax\>6 s may represent a threshold for differentiating ischemic penumbra from benign oligemia. Recently, the hypoperfusion intensity ratio, defined as the proportion of Tmax\>6 s lesion volume with a Tmax\>10-s delay has been proposed as a good predictive measure of infarction growth and clinical outcome.^[@R26]^ It will be interesting to compare the FA values against the hypoperfusion intensity ratio in the future and in a more broad clinical setting.

This study has several limitations, including (1) a relatively small sample size drawn from a single institution possibly introducing a sample bias; (2) the FA values likely resulted from a combination of ischemic injury and edema-induced compression and distortion of WM tracts, making it difficult to differentiate the 2 underlying pathophysiologies although within 6 hours of symptoms onset the effect of edema should be modest; (3) using FA\>0.15 to generate the gray matter mask is suboptimal. Ideally, high-resolution T2- or T1-weighted imaging can be used for white-gray matter segmentation if available; (4) we used an ADC threshold of \<600×10^−6^ mm^2^/s as a cutoff for infarction core as suggested by previous reports^[@R3],[@R27]^ and, therefore, the distinction between ischemia and irreversible infarction should be interpreted in this context; and (5) the FA changes in infarction and ischemic region are variable depending on the severity of ischemia and time of onset. Our results represent the changes in patients within the first 6 hours and, therefore, the results should be interpreted in this context. It should be emphasized that detection of this acute elevation in FA is challenging because the increase is not large, has a short time course, and relies on comparison with a control regions of interest. It is, however, plausible that FA changes related to hyperacute ischemia could be used quantitatively for better differentiation of ischemic changes and infarction core in comparison with currently used diffusion-weighted imaging-ADC method alone and assessment of its potential clinical use would be an important next step for future studies.

Conclusions
===========

DTI-measured FA is decreased in regions of WM infarction and increased in hypoperfused, but not infarcted, WM in patients with hyperacute AIS. The FA values are significantly higher in the hypoperfused WM with Tmax≥5.4 s suggestive of early and perhaps real microstructural changes related to ischemia.
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